ABSTRACT
Although immunological memory is a hallmark of immunity, its nature and evolutionary role are unclear. Virus-specific cytotoxic T cell (CTL) memory has been correlated with clonal burst size or with CTL precursor (CTLp) frequency (1) . Adoptive transfer experiments have shown that maintenance of CD8 ϩ T cells with a memory phenotype (CD44 hi ) and protection against intravenous reinfection was independent of the persistence of the antigen (2, 3) . However, in apparent contrast, by using a variety of in vivo readouts, other studies (4) (5) (6) (7) have shown that the maintenance of protective antiviral CTL memory is probably antigen-dependent.
Recovery from and protection against acute infections with lymphocytic choriomeningitis virus (LCMV) are almost exclusively dependent on CD8 ϩ T cells (8, 9) , and antibodies initially play virtually no role (9, 10) . However, the initial CD8 ϩ T cell response apparently controls virus only incompletely; long-term viral control depends on the presence of neutralizing antibodies (11, 12) . In general, protection against an intravenous reinfection with virus or a reinfection via mucosal surfaces is mainly mediated by neutralizing antibodies. In contrast, activated CTLs that can emigrate immediately into infected tissues (13) appear crucial for protection against a direct secondary infection. Therefore, in the periphery, CTLs are considerably more efficient than antibodies (14) .
Listeria monocytogenes has been used to study immunity against facultative intracellular bacteria. Resistance against a primary infection depends on early innate mechanisms including macrophages and neutrophils with subsequent T cell activation (15) , recruitment, and activation of macrophages (16) (17) (18) (19) via cytokines, such as tumor necrosis factor ␣ (20) and IFN-␥ (21) (22) (23) . Specific CD8 ϩ T cells play a role in late and complete clearance of the infection (17) and in protection against a reinfection (24) (25) (26) (27) (28) in a perforin-dependent manner (29) .
The intracytoplasmic life cycle of Listeria provides a means for introducing antigens into the class I pathway of antigen presentation. Listeriolysin O (LLO) (amino acids 91-99) was recently characterized as the immunodominant CTL epitope in the H-2 d haplotype (30, 31) , and T cells specific for this epitope have been shown to be protective in vivo (32) . Earlier studies by North (25) and Jungi (33) had shown that protective T cell memory against Listeria was rather short-lived; the contribution of CTL memory to protective memory has not yet been analyzed in detail.
Recombinant Listeria monocytogenes (rLM) has recently been developed as vaccines to protect against viral infections such as HIV (34) or LCMV (35, 36) and against tumors (37, 38) . rLM expressing the nucleoprotein (NP) of LCMV (rLM-NP actA ) or the immunodominant epitope in the H-2 d haplotyope (rLM-NP 118 -126 ) offered the possibility to compare virus-and bacteria-induced CTL memory. The present study shows that mice immunized with LCMV maintained memory T cells that were able to rapidly clear a reinfection, whereas rLM induced a pool of memory T cells that first required reactivation before they were able to protect. Furthermore, the rapid protective capacity of the memory T cells correlated with in vivo persistence of the antigen. (AG129, extremely susceptible to LCMV and Listeria infection) (39) were purchased from the Institute for Laboratory Animals (Veterinarian Hospital, Zurich, Switzerland). Mice were between 8 and 12 weeks old at the beginning of the experiment and were kept in a conventional mouse house facility.
MATERIALS AND METHODS

Mice
Viruses and Bacteria. The LCMV-WE and LCMVArmstrong isolates were originally obtained from F. LehmannThe publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked ''advertisement'' in accordance with 18 U.S.C. §1734 solely to indicate this fact.
PNAS is available online at www.pnas.org. The production of the Listeria recombinants has been described in detail (35) . Bacterial titers in organs were determined at the indicated time points by homogenizing the whole spleen or one lobe of the liver, and organ suspensions were plated out in four serial 10-fold dilutions on brain heart infusion agar plates.
Cr-Release Assay and Limiting Dilution. 51 Cr-release assays and the limiting-dilution analysis were done as described (44) . 30-60 (46) ]. In addition, the relationship between stainable T cells and potential effector T cells protective in vivo remains unclear.
RESULTS
Elevated
The NP 118 -126 -specific CTL precursor frequency 8 days after LCMV infection reached a maximum of 1 specific CTL in about 10 3 spleen cells. By day 60, the CTLp frequency declined by a factor of 10, to 1 in 10 4 . Thereafter, CTLp frequencies remained constant until day 300. Vaccination with rLM induced and maintained CTLp-frequencies at approximately 10 times lower levels compared with LCMV-immune mice. Infection with wt-LM and with rLM induced LLO 91-99 -specific CTLps that were in the same range as the NP 118 -126 -specifc CTLp frequency induced by immunization with rLM. Bacteria-specific (LLO 91-99 ) and virus-specific (NP 118 -126 ) CTLp frequencies were also maintained over 300 days.
LCMV-primed CD8 ϩ T cells as well as rLM-primed CTLs showed a high cytotoxic activity after in vitro restimulation with the relevant viral or bacterial peptide (Fig. 1) . In addition, Listeria-primed and restimulated specific CTLs lysed LLO 91-99 -labeled target cells very efficiently, even at day 300 after vaccination. Therefore, LCMV, as well as rLM, can induce and maintain long-lived elevated frequencies of CTLps that can differentiate into efficient effector CTLs on in vitro restimulation. To assess rapid protection by CTL, LCMV titers were determined 36 hours after a challenge infection (Fig. 2a) . A second time point 5 days after challenge infection was chosen to assess the protective capacity at a time when reactivation of T cells by the challenge inoculum should have occurred (Fig. 2d ).
Rapid Protection in Vivo
Mice immunized with LCMV 8-200 days earlier cleared a challenge LCMV infection within 36 hours. In contrast, mice vaccinated with rLM lost the capacity to be rapidly protected against a LCMV challenge soon after priming (Fig. 2a) . However, rLM-immunized mice were able to clear the virus within 5 days of reinfection until day 200 after priming, (1999) indicating that increased CTLps were still present at this time point.
We also tested LCMV-and Listeria-immune mice for protection against reinfection with wt-LM. Similarly to the shortlived immediate protection against LCMV, Listeriaimmunized mice challenged with wt-LM 30-60 days later did not exhibit protection in the spleen (Fig. 2c) or in the liver (data not shown) assessed 36 hours after the challenge infection. Again, Listeria-immune mice could control reinfection within 5 days (Fig. 2f ) . The partial protection against Listeria on day 8 after priming with LCMV is probably caused by macrophage activation because of increased cytokine production, including IFN-␥ (39, 47) , at the peak of the LCMVspecific immune response. The observation that LCMVprimed mice are protected from a challenge infection with rLM-NP 118 -126 indicates that LCMV-specific CD4 ϩ T cells or neutralizing antibodies do not contribute to this protective response. LCMV-immune mice maintained immediate protection against the rLM 60 days after immunization, whereas Listeria-immune mice were not protected at this time point (Fig. 2b) .
These results show that LCMV-induced memory CTLs mediated very rapid clearance of a reinfection with either LCMV or rLM (within 36 hours) for more than 200 days, whereas rLM or wt-LM-induced memory T cells lost the capacity to protect in this assay within 15-30 days. After a certain minimal reactivation time in vivo or in vitro, rLM and wt-LM-vaccinated mice exhibited antiviral or antibacterial protection in vivo, and their T cells efficiently killed target cells in vitro.
Fewer LCMV-Specific Memory CTLs than Listeria-Specific Memory CTLs Are Needed to Protect Against an Infection. To exclude the possibility that soluble factors such as neutralizing antibodies or cytokines play a major role in the protection against challenge infections with LCMV or L. monocytogenes and also to compensate for differences in the CTLp frequencies, antiviral and antibacterial protection was studied after adoptive transfer of spleen cells. Antiviral protection was assessed by infection of mice with 200 pfu of LCMV, and 10 hours later, adoptive transfer of spleen cells from immunized mice (Fig. 3a) . To assess differences in the elimination kinetics of the challenge infection in correlation with the memory state of the T cell, viral titers were determined 3 and 5 days after infection. The number of transferred specific memory T cells was calculated from the CTLp frequency (Table 1 ) and the number of adoptively transferred splenocytes. Dilution of memory spleen cells (1:3) was performed (details of several of the titrations not shown), and the dilution that yielded comparable specific CTL numbers is shown in Fig. 3a . Interestingly, a clear difference was found between LCMV-primed memory cells and rLM-primed memory T cells: 890 recombinant Listeria-induced memory cells protected 10,000 times less efficiently than did 1,050 LCMV memory cells (Fig. 3a) . This result indicates that besides the quantitative differences in CTLp frequencies induced by LCMV or rLM, there also existed qualitative differences between the memory CTLs.
To characterize Listeria-specific CTL memory in adoptive transfer experiments, recipient BALB/c mice were infected with 10 4 cfu of wt-LM; 2 hours later, spleen cells from immunized mice were adoptively transferred (Fig. 3b) . Comparable to the results obtained from challenge infections directly into the immunized host, adoptively transferred day-60 Listeria memory T cells could not protect within 3 days against a challenge infection. Thus, after vaccination with rLM, the protective capacity of memory T cells against Listeria (Fig. 3b) faded as rapidly as protection against LCMV (Fig. 3a) .
Early protection after infection suggested the presence of memory T cells in a rapidly inducible effector state, whereas late protection, after a period that included time for in vivo restimulation and activation, seemed to correlate with elevated CTLp frequencies of resting memory T cells. To test the hypothesis that differences in the effector state and not only different CTLp frequencies were responsible for the observed striking differences in in vivo protection, Listeria memory mice were boosted with 500 g of NP 118 -126 peptide i.v. 24 hours before challenge infection with 200 pfu of LCMV (Fig. 3c) . As shown previously (44) , this protocol cannot prime naive mice and has no measurable impact on the number of LCMV- specific antipeptide CTL (NP 118 -126 ) but may allow reactivation of so-called resting memory cells. As shown previously, 60 days after immunization, only LCMV-immune mice were able to clear the virus within 2 days after the challenge infection, and rLM-immune mice revealed high LCMV titers in the spleen (Fig. 3c) . After boosting with 500 g of NP 118 -126 peptide, but not with 500 g of the irrelevant peptide GP [33] [34] [35] [36] [37] [38] [39] [40] [41] (data not shown), rLM-immune mice exhibited potent anti-LCMV protection (2-3.5 log 10 pfu reduction) within 2 days. (Fig. 4) . To extend these observations, we tested the capacity of rLM-NP 118 -126 to protect against the CD8 ϩ T cell-mediated lethal immunopathology caused by an intracerebral LCMV infection. Only mice immunized with rLM 5 days, but not 60 or 120 days previously, were protected against an intracerebral challenge infection with 30 pfu of of the neurotropic LCMVArmstrong virus (data not shown). Thus, only Listeria-specific T cells assessed during the phase of primary activation (that could be called an early memory phase) protected against a peripheral infection. In contrast, LCMV-primed memory mice possess T cells capable of protecting against an intracerebral infection with LCMV or against a challenge infection with recombinant vaccinia virus expressing LCMV-NP up to day 60-120 (Fig. 4) .
Only Activated T Cells Can Protect Against a Peripheral
Different Antigen Persistence After Immunization with LCMV and rLM. Persistence of the two pathogens in vivo was assessed by injecting the homogenized spleen of LCMV and rLM actA memory mice into IFN-␣/␤/␥ receptor Ϫ/Ϫ (AG129) mice (Table 2 ). AG129 mice exhibit uninhibited growth of both LCMV and Listeria: 0.1 pfu of LCMV and 1 cfu of rLM actA grew to high titers in these mice (data not shown). Four days postinjection, LCMV and Listeria titers in the spleen and the liver were assessed. In this very sensitive assay, LCMV could be detected in spleens (other organs were not tested in this assay) 15 days after immunization in all animals tested and 30 days postimmunization in 2 of 4 animals. In the same assay, Listeria had been completely cleared within 8-10 days after infection. Differences in the in vivo persistence of LCMV and Listeria were confirmed indirectly by using a nested reverse transcription-PCR for detection of RNA of the nucleoprotein of LCMV at different time points (48) . Nested reverse transcription-PCR specific for LCMV-NP was positive on day 1 after infection with recombinant Listeria but was negative on day 15 or 30 after infection. In contrast, after infection with LCMV, a NP-specific PCR product was detectable 30 days after infection (data not shown). Although the stability of RNA in eukaryotic and prokaryotic cells may not be compared readily (49), together with the results of antigen transfer into AG129 mice, our findings indicate that after an infection with LCMV, antigen production is present over an extended period in vivo, whereas L. monocytogenes is cleared rapidly.
DISCUSSION
LCMV and recombinant Listeria were able to induce and maintain increased CTLp frequencies specific for the immunodominant epitope (NP 118 -126 as viral epitope, LLO 91-99 as bacterial epitope) for up to 300 days. These elevated frequencies of specific CTLs were able to efficiently clear an intravenous LCMV challenge infection within 4-5 days. These findings are consistent with many studies that have shown longlived increased CD8 ϩ T cell precursors independent of in vivo antigen persistence (2, 3, 50) . Nevertheless, the effectiveness of memory T cells early in a challenge infection differs between viral and bacterial vaccines and also depends on the time after vaccination and when during the challenge infection protection was assessed. After a direct challenge infection in the immunized host or after adoptive transfer of a standardized number of memory CTLs, our study showed that at early time points after challenge, LCMV-induced memory CTLs were more efficiently protective compared with recombinant Listeria-induced memory CTLs. As shown in Fig. 3a, about 1 ,000 LCMV-specific memory cells (day 60) conferred 10 4 times greater protection than about 900 LCMV-NP-specific rLM immune T cells. These findings do not necessarily contradict similar studies with the same recombinant Listeria strains to study CTL memory against an i.v. challenge with high-dose LCMV (36) , because this high dose and the i.v. challenge route are optimal for very early and efficient activation or reactivation of LCMV-specific CTLp, particularly in the spleen. Therefore, this assay cannot readily reveal differences in the effector state of memory CTLs.
What is the explanation for the obvious differences in effector state of bacterial versus viral memory T cell populations? The underlying mechanisms of T cell memory, and especially its dependence on frequency and/or antigen, are still the subject of an ongoing debate (13, 51) . In the present study, we standardized memory CTLp and used adoptive transfer experiments to reveal a clear difference of efficiency of memory CTL isolated from LCMV-versus rLM-immune donors. We therefore conclude that the differences in absolute numbers of CTLp cannot explain the observed differences in protection. The potential role of antigen was substantiated in the following two experiments. First, we showed that rLMimmune mice that were not protected against a LCMV challenge infection could be restimulated with the relevant CTL peptide within 24 hours to express protection at a level comparable to that in LCMV-immune mice (Fig. 3c) . Because this short period of restimulation is too short to expand T cells but is sufficient to reactivate primed T cells to become effector T cells (44) , this result is compatible with the notion that the presence of stimulatory antigen is necessary and sufficient for the maintenance of protection. Second, persistence of antigen was assessed in spleen homogenates that were injected into IFN-␣/␤/␥ receptor Ϫ/Ϫ mice. This assay revealed a marked difference in the in vivo persistence of infectious viral and bacterial agents. rLM were detectable only until day 8 after infection. In contrast, LCMV was detected at least until day 30, and with more sensitive assays, LCMV was found for even longer periods (up to 80 days; A.C., P.K., E. Horvath, B. Odermatt, A.F.O., L. Hunziker, H.H., and R.M.Z., unpublished data). The short in vivo persistence of rLM of only 8 days correlated with the short-lived presence of immediately protective memory T cells, whereas the long-term protective capacity in LCMV immune mice correlated with a much longer persistence of LCMV in spleen and potentially in other organs. Memory T cells protective in the short-term antiviral assay or in the assay on protection against LCMV-induced choriomeningitis were still present 60 and even 200 days after LCMV infection. This protection correlates well with the finding of low-level persistence of LCMV. Alternatively, or in addition, LCMV information may persist in DNA form and contribute to long-term protective memory (48) .
Taken together, the accumulated data indicate that a quantitative aspect of T cell memory, i.e., CTLp frequency, is long-lived and independent of antigen persistence. The quality of memory T cells, i.e., rapid versus delayed effector state of memory CTLs, correlates with persistence of the antigen. This concept of sustained antigen-driven activation of effector T cells to control low levels of persistent infections, e.g., by Mycobacterium tuberculosis in granulomas, has been called ''infection or concomitant immunity'' by Mackaness (52) .
The present experiments explain and extend earlier studies showing that protective immunity against Listeria is rather short-lived (25, 33) and that repetitive injections with viable Listeria (53) or stimulation of the memory T cells with ConA before adoptive transfer (54) prolonged protective antilisterial T cell memory, whereas immunization with avirulent Listeria with an in vivo persistence of less than 48 hours induced only low levels of protection (55) . On the other hand, viral infections that apparently persist at varying levels, such as LCMV, conferred long-lived protection against recombinant Listeria, as shown in the present and an earlier study (56) .
The ability of Listeria to gain direct access to the cytosol, its natural adjuvant properties, its susceptibility to antibiotics, and its capacity to induce strong cell-mediated responses led to the Four BALB͞c mice per group and time point were immunized with 200 pfu of LCMV or 2 ϫ 10 3 cfu of rLM-NPactA. Homogenates of the entire spleen of LCMV-and rLM-NPactA-infected animals were injected intraperitoneally into AG129 mice. Values given are bacterial and viral titers in the spleen (log10 or no. positive͞no. tested). The organ titer in the spleen was assessed at the indicated time points as described in Material and Methods. The titer is given as log10 of the mean Ϯ SD of four mice tested after direct plaque-forming assay or as mice positive for LCMV or rLM per mice tested after transfer into AG129 mice.
development of recombinant Listeria strains as vaccines against LCMV (35, 36) , HIV (34), influenza type A (57), and tumors (37, 58) . We have shown in the present study that Listeria maintains a pool of memory T cells that cannot act quickly, i.e., cannot rapidly extravasate and protect against a peripheral viral infection. Therefore, the efficacy of rLM to protect against an acute viral challenge infection in peripheral tissues may be limited. In this context, it is worth noting that intravenous challenge infections by most viruses are generally rare (except arthropod-borne viruses) and infection of peripheral cells and solid tissues is usually controlled by activated (and not by quiescent) T cells that are capable of emigrating into infected solid tissues (5, 6, 59) . In contrast, intravenously spreading viruses are usually controlled by neutralizing antibodies (60) . Even protection against peripheral tumors (nonlymphohemopoietic in origin and location) may be mediated by resting memory T cells only with difficulty if they are not restimulated periodically (61) .
Collectively, these and earlier findings indicate that the balance between T cell activation and/or effector state, the time during which activated memory T cells are available, and their frequency, as well as the replication kinetics of the pathogen (virus, bacterium, or tumor) are crucial for protection and for the potential efficiencies of vaccines.
